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Synthesis, structure determination by single-crystal X-ray diffraction, and physical properties are reported and
compared for superconducting and semiconducting molecular charge-transfer salts with stoichiometry (BEDT-
TTF)4[A IMIII (C2O4)3]‚PhCN, where AI ) H3O, NH4, K; MIII ) Cr, Fe, Co, Al; BEDT-TTF) bis(ethylenedithio)
tetrathiafulvalene. Attempts to substitute MIII with Ti, Ru, Rh, or Gd are also described. New compounds with M
) Co and Al are prepared and detailed structural comparisons are made across the whole series. Compounds
with A ) H3O+ and M) Cr, Fe are monoclinic (space groupC2/c), at 150, 120 Ka ) 10.240(1) Å, 10.232(12)
Å; b ) 19.965(1) Å, 20.04(3) Å;c ) 34.905(1) Å, 34.97(2) Å;â ) 93.69(1)°, 93.25(11)°, respectively, both with
Z ) 4. These salts are metallic at room temperature, becoming superconducting at 5.5(5) or 8.5(5) K, respectively.
A polymorph with A ) H3O+ and M ) Cr is orthorhombic (Pbcn) with a ) 10.371(2) Å,b ) 19.518(3) Å,c
) 35.646(3) Å, andZ ) 4 at 150 K. When A) NH4

+, M ) Fe, Co, Al, the compounds are also orthorhombic
(Pbcn), with a ) 10.370(5) Å, 10.340(1) Å, 10.318(7) Å;b ) 19.588(12) Å, 19.502(1) Å, 19.460(4) Å;c )
35.790(8) Å, 35.768(1) Å, 35.808(8) Å at 150 K, respectively, withZ ) 4. All of the Pbcn phases are
semiconducting with activation energies between 0.15 and 0.22 eV. For those compounds which are thought to
contain H3O+, Raman spectroscopy or CdC and CsS bond lengths of the BEDT-TTF molecules confirm the
presence of H3O+ rather than H2O. In the monoclinic compounds the BEDT-TTF molecules adopt aâ′′ packing
motif while in the orthorhombic phases (BEDT-TTF)2 dimers are surrounded by monomers. Raman spectra and
bond length analysis for the latter confirm that each molecule of the dimer has a charge of+1 while the remaining
donors are neutral. All of the compounds contain approximately hexagonal honeycomb layers of [AM(C2O4)3]
and PhCN, with the solvent occupying a cavity bounded by [M(C2O4)3]3- and A. In the monoclinic series each
layer contains one enantiomeric conformation of the chiral [M(C2O4)3]3- anions with alternate layers having
opposite chirality, whereas in the orthorhombic series the enantiomers form chains within each layer. Analysis of
the supramolecular organization at the interface between the cation and anion layers shows that this difference is
responsible for the two different BEDT-TTF packing motifs, as a consequence of weak H-bonding interactions
between the terminal ethylene groups in the donor and the [M(C2O4)3]3- oxygen atoms.

Introduction

Since the 1957 report by Ginzburg,1 which set out the
conditions under which superconductivity could occur in
magnetic materials, there have been numerous efforts by solid-
state chemists to synthesize superconducting compounds con-
taining arrays of magnetic ions. Among the earliest were the
ternary borides such as ErRh4B4,2 followed by the Chevrel
phases, e.g., PbxSn1-xMo6S8

3 and the borocarbides ErNi2B2C.4

Most recent is RuSr2GdCu2O8,5 which becomes ferromagneti-
cally ordered at a temperature (132 K) well above its super-
conductingTc (40 K).6 Apart from the last example, all these
systems involve exclusively 4f moments, so it is pertinent to
search for highly conducting compounds containing magnetic
3d ions. A potentially fertile area is that of molecular-based
charge-transfer salts, where the first superconducting example
was reported as long ago as 1981.7 In such salts organochal-
cogenide donor molecules form the cations and may be
combined with a wide variety of inorganic or organic anions.
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Some years ago we embarked on a systematic examination of
transition metal complexes as anions in charge-transfer salts8

and reported the first molecular superconductor which contained
paramagnetic metal ions (and incidentally the first superconduc-
tor of any kind containing paramagnetic 3d ions).9 Subsequently
one other molecular system has been reported,10 and its
properties have been measured as a function of temperature,
pressure, composition, and applied fields.11

The paramagnetic molecular superconductor,9 initially for-
mulated asâ′′-(BEDT-TTF)4[(H2O)Fe(C2O4)3]‚PhCN (BEDT-
TTF ) bis(ethylenedithio)tetrathiafulvalene), consists of alter-
nating layers of BEDT-TTF cations and layers containing the
complex anions and solvent molecules. It is monoclinic (C2/c)
but, in parallel, an orthorhombic phase (Pbcn) developed, in
which the H2O was replaced by K+ or NH4

+ while retaining
the same overall arrangement of alternating cationic and anionic
layers. However, thePbcn derivatives are semiconducting,
principally because the packing of the BEDT-TTF is different:
in place of theâ′′ packing motif as found in numerous other
superconducting BEDT-TTF charge-transfer salts is an arrange-
ment that we called “pseudoκ”,9 consisting of neutral BEDT-
TTF molecules surrounding a (BEDT-TTF+)2 dimer. In both
phases the [Fe(C2O4)3]3- anion, together with the H2O, K+, or
NH4

+, forms a planar hexagonal honeycomb network, reminis-
cent of that found in the extensive series of molecular-based
bimetallic magnets with stoichiometry AI[MIIMIII (C2O4)3],
where here AI is an organic cation such as tetraalkyl- or
tetraarylammonium or -phosphonium.12,13 An important issue
arose as to why a similar arrangement of anions should lead to
two such different arrangements of the BEDT-TTF cations.
Furthermore, a crucial point of detail in relating the crystal and
electronic structure of the superconducting phase to its physical
properties concerns the mean charge on the BEDT-TTF. This
charge is balanced by that of the anion layer, so the deter-
mining factor is whether the water molecule is present as H2O
or H3O+. The earlier crystallographic work9 was inconclusive,
but the water was assigned as H2O on considering the
O(H2O)...O(oxalate) distances.

It is clearly of interest to explore other phases with the general
formula (BEDT-TTF)4[AM(C2O4)3]‚solvent, where M is a
transition or even nontransition metal ion, to see how the
transport and magnetic parameters change with the magnitude
of the magnetic moment, and any small systematic changes in

intra- and intermolecular distances. It is also important to clarify
whether the monoclinic and orthorhombic compounds can be
regarded as polymorphs with the same mean charge on the
BEDT-TTF cations and, if so, to clarify the physical origin of
the polymorphism. Here we report our efforts to prepare
materials with other metal ions, the crystal structures of two
new compounds with M) Co and Al, and their basic physical
characterization by transport and magnetic susceptibility mea-
surements. Additionally, we report Raman spectra of these and
the earlier compounds, which show in every case that the
(BEDT-TTF)4 unit has a+2 charge, irrespective of the donor
packing motif or the salt composition. A comparison of the
supramolecular organization of the monoclinic and orthorhombic
phases leads to an explanation for the different packing
arrangements of the donor cations, based on different spatial
distributions of the enantiomeric [M(C2O4)3]3- in the racemic
lattices. Preliminary brief accounts of part of this work have
appeared.14,15 It is interesting to note that recently a BEDT-
TTF salt with a bimetallic layer anion [MnCr(C2O4)3]- was
reported to be metallic down to 4 K and ferromagnetic below
5.5 K. However, only a partial structure was determined because
of disorder in the anion layer, and furthermore the included
solvent molecules were not located.16

Experimental Section

Synthesis of Starting Materials.Numerous tris(oxalato)metalate-
(III) salts were synthesized by literature methods for use in the
subsequent electrochemical crystal growth of BEDT-TTF charge-
transfer salts. For the previously reported salts with M) Fe or Cr, see
the published articles for details.9,14 The following starting materials
were also prepared as indicated and recrystallized several times before
use. (NH4)3[Ti(C2O4)3]‚10H2O,17 K3[Cr(C2O4)3]‚2H2O,18 (NH4)3[Co-
(C2O4)3]‚3.5H2O,18 (NH4)3[Ru(C2O4)3]‚1.5H2O,19 K3[Ru(C2O4)3]‚4.5H2O,20

(NH4)3[Rh(C2O4)3]‚4.5H2O,21,22Gd2(C2O4)3‚10H2O,23 (NH4)3[Al(C2O4)3]‚
3H2O,18 K3[Al(C2O4)3]‚3H2O.18 The compositions were confirmed by
elemental analysis, carried out by University College London Mi-
croanalytical Laboratory. BEDT-TTF (Aldrich) was recrystallized from
CHCl3, 18-crown-6 (Aldrich) was purified over MeCN, PhCN (Aldrich)
was fractionally distilled over P2O5 immediately prior to use, and H2O
was also freshly distilled.

Synthesis of BEDT-TTF Charge-Transfer Salts.Crystal growth
took place in H-shaped electrocrystallization cells (maximum volume
50 mL) with a Pt electrode in each arm separated by a glass frit in the
“H” cross piece. The cathode was protected by a second frit to prevent
contamination by reduction products. The cells were washed with aqua
regia followed by distilled H2O and dried thoroughly. The electrodes
were cleaned with nitric acid, after which an ac current was passed
through them in dilute H2SO4, and finally they were washed in distilled
H2O and thoroughly dried.

In each case 100 mg of the tris(oxalato)metalate salt and 200 mg of
18-crown-6 were dissolved in 50 mL of PhCN. For those compounds
which finally contain H3O+, the anion source was the ammonium salt,
and two drops of water were added after rapid stirring. Ten milligrams
of solid BEDT-TTF was placed in the anode side of the H-cell, and
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the remainder of the cell was filled with the filtered PhCN mixture. At
a temperature of 295(2) K a constant current of 1µA was applied across
the cell and where crystals grew on the anode they did so over an
average of 21 days.

Results of the crystal growth, with the named tris(oxalato)metalate
complexes, were as follows. (NH4)3[Ti(C2O4)3]‚10H2O: very thin
black needles. K3[Cr(C2O4)3]‚3H2O: no crystals grew over 21 days.
(NH4)3[Co(C2O4)3]‚3.5H2O: black needle-shaped crystals which were
of good enough quality for single-crystal X-ray structural determina-
tion and were found to be (BEDT-TTF)4[(NH4)Co(C2O4)3]‚PhCN, I .
(NH4)3[Ru(C2O4)3]‚1.5H2O: no crystal growth occurred after 28
days. K3[Ru(C2O4)3]‚4.5H2O: no crystals grew over 21 days. (NH4)3-
[Rh(C2O4)3]‚4.5H2O: a small amount of very small black needles
grew over 14 days but formed as aggregates and were unsuitable for
physical measurements. Gd2(C2O4)3‚10H2O: large black plates. (NH4)3-
[Al(C2O4)3]‚3H2O: a small quantity of square plates of very good
quality which were suitable for single-crystal X-ray structural deter-
mination were found to be (BEDT-TTF)4[(NH4)Al(C2O4)3]‚PhCN,II .
K3[Al(C2O4)3]‚3H2O: no crystals grew over 21 days.

Enantiomericaly Pure Starting Materials. Since tris(oxalato)-
metalate complexes are chiral, the opportunity exists in principle to
make BEDT-TTF salts containing only a single enantiomer. For
example with Λ-(NH4)3[Cr(C2O4)3]‚H2O or ∆-(NH4)3[Cr(C2O4)3],
prepared by literature methods,24 no crystals grew in the first 12 days,
followed by a period of rapid growth for 3 days which yielded a large
quantity of black cubes.14 However, withΛ-(NH4)3[Rh(C2O4)3]‚H2O
or Λ-K3[Cr(C2O4)3]‚H2O no crystals had grown after 28 days.

Crystal Structure Determination. For M ) Co, compoundI , a
black needle single crystal was mounted on a glass fiber and positioned
on a Bruker smart CCD. The quality of the crystal was checked at
room temperature from a cell parameter determination which gave an
orthorhombic crystal system (a ) 10.407(1) Å,b )19.600(1) Å,c )
36.162(1) Å). Then the sample was cooled (4 K min-1) in order to
reduce the strong thermal agitation which usually affects the BEDT-
TTF/[M(C2O4)3]n- salts at room temperature.25 The data collection was
then run at 150(2) K with graphite-monochromated Mo KR radiation
(λ ) 0.71069 Å). The diffraction frames were integrated using the
SAINT package26 and corrected with SADABS.27 The crystal structures
were solved and refined with the SHELXTL-plus programs.28 For M
) Al single plate crystals, X-ray diffraction data were collected at 150-
(2) K using an Enraf Nonius Kappa CCD area detector with Mo KR
radiation and an Oxford Cryosystem N2 open flow cryostat. The
structure was solved by direct methods and refined anisotropically on
F2 by full-matrix least squares using SHELX97.29 All hydrogen atoms
were placed in idealized positions and refined using a riding model.

Physical Measurements. Transport Measurements.Transport
measurements of low-resistance and metallic samples were made by
the four-probe dc method. Two probe measurements were used for
samples with high intrinsic resistance where contact effects were
assumed to be negligible. Gold wire electrodes were attached to the
crystal using Pt paint, and the attached wires were connected to a
standard eight-pin integrated circuit plug with Ag paint. Silver paint
was not used for contacts to the sample due to the possible formation
of AgS at the electrode-crystal interface. The eight-pin plugs were
mounted in an Oxford instruments CF200 continuous-flow cryostat and
connected to a Hewlett-Packard 3478A digital multimeter.

Magnetic Susceptibility.Magnetic susceptibility data were measured
using a Quantum Design MPMS7 SQUID magnetometer. Measure-
ments were made on polycrystalline samples in a gelatine capsule, and

the molar susceptibility was corrected for core diamagnetism estimated
from Pascal’s constants. For the superconducting compounds a strong
field exclusion effect was observed when the samples were cooled in
zero field to 2 K and a small field of 5 G was applied. Magnetization
measurements were then made while heating the sample to 12 K, which
was assumed to be aboveTc. The Meissner-Ochsenfeld field expulsion
effect is observed on keeping the field constant and then measuring
the magnetic susceptibility while recooling. Each superconductor
showed an increase in magnetization which indicated some flux
penetration.

Infrared Spectroscopy. Polarized optical reflectivity of single
crystals was recorded at ambient temperature from 800 to 4000cm-1

using a Perkin-Elmer 1710 spectrometer fitted with a Spectra Tech
microscope and a KRS5 polarizer. Measurements were made with the
electric vector both parallel and perpendicular to the edge of the crystal.
Ambient and low-temperature reflectivity was measured using a
Spectra-Tech IR-plan microscope fitted in the sample chamber of an
FT-IR Nicolet Magna 760 spectrometer. Spectra were collected between
600 and 4000 cm-1 using an IR light source, MCT detector, KBr beam
splitter, and wire grid polarizer with 4 cm-1 resolution; between 3500
and 10000 cm-1 using a white light source, MCT detector, quartz beam
splitter, and NIR/VIS Glan-Thompson polarizer with 32 cm-1 resolu-
tion; and between 9000 and 12000 cm-1 using a white light source, Si
detector, quartz beam splitter, and the same polarizer. Single crystals
were fixed on a copper sample holder with silicon grease. The crystal
face was adjusted to be nearly normal to the incident light using a
small goniometer head attached to an Oxford Instruments CF1104S
cryostat. The sample was covered by a radiation shield and vacuum
shroud with a KBr window. To avoid the sample being contaminated
at low temperature, the window of the radiation shield was only opened
during measurement. The absolute reflectivity was obtained by
comparison with the reflected light from a Au mirror placed close to
the sample. At each temperature the reflectivity of this inner mirror
was monitored with respect to a gold mirror outside the cryostat
chamber. Spectra from 10000 to 32000 cm-1 were measured using the
same microscope, combined with a multichannel detection system
(Atago Macs320) using a xenon lamp light source and Glan-Thompson
polarizer.

Raman Spectroscopy.Raman spectra of single crystals were
measured at room temperature with a Renishaw Raman Imaging
microscope using a He-Ne laser (λ ) 632.6 nm) with 10% filter.
Samples were measured both parallel and perpendicular to the incident
beam and were scanned from 100 to 4000 cm-1 while longer scans
were performed from 1150 to 1650 cm-1 to observe the stretching
frequencies of the CdC bonds in BEDT-TTF. Spectra were identical
when measured both parallel and perpendicular to the incident beam
(in the same plane of the crystal plates or needles) with only minor
changes in peak shifts and intensity. Spectra of metallic salts showed
considerably more noise and broader absorption than those of the
semiconducting samples and of neutral BEDT-TTF.

Results and Discussion

Description of Crystal Structures. A common feature of
charge-transfer salts, based on the donor molecule BEDT-TTF,
is the spatial segregation of cations and anions into alternating
layers, although occasionally “chess board” patterns can appear
as with the [Ge(C2O4)3]4- salt.25 The structures of all of the
salts of BEDT-TTF and tris(oxalato)metalate(III) anions with
PhCN consist of layers of BEDT-TTF molecules interleaved
with anionic layers which contain [MIII (C2O4)3]3-, PhCN, and
cations AI ) H3O+, NH4

+ or K+. Figure 1 shows an example
of the layered structure in one of these salts. Crystal data for
the new compounds are presented in Table 1 along with
comparative data for other compounds in this series; compounds
I andII are the new salts, andIII -VI are included for structural
comparisons. The compound shorthand,I-VI , is used in the
other tables; compoundVII is that with M ) Fe and A) K.
As noted in the original work,9 two distinct phases have been
found in this series with monoclinic (C2/c) and orthorhombic
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(Pbcn) space groups. Standard ORTEP30 diagrams with the
atom-numbering scheme and 50% thermal ellipsoids for com-
poundsI and II with M ) Co and Al, respectively, both of
which have thePbcnstructure, are shown in Figures 2 and 3.

Anion Layers. Within each anion layer, the AI and
[MIII (C2O4)3]3- groups adopt a “honeycomb” arrangement with
a PhCN molecule occupying a hexagonal cavity (Figure 4, top).
The PhCN is fully ordered in the monoclinic phases with the
CtN bond directed toward the metal atom of the tris(oxalato)
anion, while in the orthorhombic phases it exhibits 2-fold
disorder over two static orientations with the CtN bonds
directed toward AI. The solvent may play a “templating” role
in stabilizing the lattice. The area of the cavity is≈1 Å2 smaller
in the orthorhombic series, because a longer metal to metal
distance (c in Figure 4, top right) is needed to accommodate
the -CtN groups on either side, while the cavity in the
monoclinic phases is extended along theb axis (a in Figure 4,
top left). The orthorhombic salt with M) Al and A ) NH4

has a slightly smaller cavity than the corresponding Cr, Fe, and
Co salts, having a longer MIII -AI distance (a in Figure 4, top
right) yet shorter “b” and “c” distances. The metals are
octahedrally coordinated to three bidentate [C2O4]2- ligands
which conferD3 point symmetry about the metal. The O atoms
of the oxalato ion which are not coordinated to M bound a cavity
which is occupied by AI (Figure 4, bottom). In the monoclinic
phase the AI site is approximately octahedral, whereas in the
orthorhombic one it also accommodates two CtN groups of
the PhCN, rendering the site eight coordinate. Furthermore, in
the orthorhombic phases the terminal O atoms are not disposed
octahedrally because one of the three [M(C2O4)3]3- around the
AI cavity has chirality opposite to that of the other two (Figure
4, bottom right).

The mean AI-O(oxalate) distances are close to those expected
for H-bonded cations for AI ) NH4 or H3O. In both monoclinic
and orthorhombic phases, there are three crystallographically
independent [C2O4]2- O atoms (O2, O4, and O6 in Figures 2
and 3) at short distances from the cation A. In the monoclinic
structures, two of these distances are distinctly shorter than the
third (Table 2), which led to the initial suggestion that AI might
be H2O rather than H3O+.

Perhaps the most unusual aspect of these two series of
compounds concerns the chirality of the anion layer. Since the
[MIII (C2O4)3]3- has D3 point symmetry, it can exist in two
enantiomeric forms,∆ andΛ. In the monoclinic phases, each
anionic layer consists exclusively of a single enantiomer (Figure
4, left), with the next layer containing only the other enantiomer,
to give a ...∆-Λ-∆-Λ-∆-Λ... repeating pattern (where-

represents segregation by a layer of donor molecules). By
contrast, in the orthorhombic phases each anion layer contains
a 1:1 ratio of∆ and Λ enantiomers arranged in alternating
rows with a ...∆Λ-∆Λ-∆Λ-∆Λ... pattern (Figure 4, right).
In both phases there is a C2 rotation from one anion layer to
the next.

In all compounds the planes of the PhCN solvent molecule
are not parallel to the plane defined by the metal atoms in the
anionic layer, although to a different extent. In monoclinic
materials the solvent is slightly closer to one edge of the
hexagonal cavity than in orthorhombic salts. As a result, the
phenyl ring of the solvent lies close to the two oxalate ligands
which form the base of the hexagonal cavity (see dashed line
in Figure 4, top left). The planes of these two ligands make
angles of≈70° to the plane of this cavity, and the phenyl ring
is almost parallel to these ligands, thus minimizing the void
space around the included solvent molecule. However, in the
orthorhombic phases, the phenyl ring is closer to the center of
the cavity.

Finally we examine the geometry of the [M(C2O4)3]3-

themselves. Figures 2 and 3 shows the atom-numbering scheme
used for comparing the bond lengths and angles, a selection of
which are listed in Table 3. First, it should be noted that the
MIII -O(oxalate) bonds are significantly shorter in the ortho-
rhombic salts with AI ) NH4

+ than in any of the other structures,
while the MIII -O(oxalate) bond lengths in the Cr salts are
slightly longer than those observed in the crystal structure of
(NH4)3[Cr(C2O4)3]‚3H2O (1.96 Å at 293 K28). The inner O-C
distances (not listed) are very similar and close to that expected
(1.28 Å at 293 K31). The O-MIII -O angles in most of the salts
are less than the 85° found in the 293 K crystal structure of
(NH4)3[Cr(C2O4)3]‚3H2O, being slightly smaller in the mono-
clinic phases (78.5-82.7°) than the orthorhombic ones (80.9-
86.2°).

BEDT-TTF Cation Layers. We find two quite different
types of packing of the donor molecules. The monoclinic phases
adopt a â′′ packing motif, similar to the pressure-induced
superconductor (BEDT-TTF)3Cl2‚2H2O,32 while the orthorhom-
bic phases have a novel “pseudo-κ” arrangement (Figure 5). In
the â′′ phases, the planes of the BEDT-TTF molecules in
adjacent layers are twisted with respect to one another, a feature
only observed previously in a phase of (BEDT-TTF)2Ag(CN)2.33

The two crystallographically independent BEDT-TTF are rotated
by 61.8° and 63.9°, respectively, measured between the planar
central TTF portions of the donors, due to the steric influence
imposed upon them by the anion layer. The BEDT-TTF
molecules form regular stacks with numerous close S‚‚‚S
distances, those below and close to the van der Waals distance
(3.6 Å) being given in Table 4 and marked in Figure 5. The
shortest S‚‚‚S contacts are side-to-side interactions between
neighboring stacks (Figure 5a), the shortest being between the
S atoms of adjacent outer, six-membered rings. The two
crystallographically independent BEDT-TTF molecules each
have a twisted and eclipsed conformation. The terminal ethylene
C-C bonds and CdC double bond lengths increase slightly

(30) Johnson, C. K. ORTEP. Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(31) Van Nierkerk, J. N.; Schoening, F. R. L.Acta Crystallogr.1952, 5,
499.

(32) Rosseinsky, M. J.; Kurmoo, M.; Talham, D. R.; Day, P.; Chasseau,
D.; Watkin, D.; J. Chem. Soc., Chem. Commun.1988, 88. Gaultier,
J.; Gebrand-Brachetti, S.; Guionneau, P.; Kepert, C. J.; Chasseau, D.;
Ducasse, L.; Burrows, Y.; Kurmoo, M.; Day, P.J. Sol. State Chem.
1999, 145, 496.

(33) Kurmoo, M.; Day, P.; Stringer, A. M.; Howard, J. A. K.; Ducasse,
L.; Pratt, F. L.; Singleton, J.; Hayes, W.J. Mater. Chem.1993, 3,
1161.

Figure 1. The layered structure in (BEDT-TTF)4[AM(C2O4)3]‚PhCN
salts.
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upon cooling from 293 to 120 K, an effect that is usually
associated with an increase in charge. In the orthorhombic
phases there are again two crystallographically independent
BEDT-TTF, each having the twisted and eclipsed conformation
at both ends.

Adjacent donor layers are rotated by much greater angles than
in theâ′′ salts at 83.2-85.5° and 85.8-87.8°. The layers consist
of face-to-face dimers, each of which is surrounded by six
further donors. Neighboring dimers are arranged orthogonal to
each other as in theκ-phase salts, though the motif of (BEDT-

TTF)22+ surrounded by six BEDT-TTF0 is unique to this series.
The closest S‚‚‚S contact distances occurring between the two
molecules of the dimer are 3.43-3.45 Å, and the mode of
overlap found in the dimer is not quite the “bond-over-ring”
arrangement found inκ-(BEDT-TTF)2X phases.34 The shortest
S‚‚‚S contacts between dimer and monomer are 3.38-3.42 Å,
and the shortest distance between monomers is 3.65-3.67 Å.
The S‚‚‚S contacts in thePbcn structures are listed in Table

(34) Yamochi, H.; Kamatsu, T.; Matsukawa, N.; Saito, G.; Mori, T.;
Kusonoki, M.; Sakaguchi, K.J. Am. Chem. Soc.1993, 115, 11319.

Table 1. Summary of Crystal Data for Selected Compounds with the Stoichiometry (BEDT-TTF)4[A IMIII (C2O4)3]‚PhCN

I II III IV V VI

MIII Co Al Fea Crb Crb Fea

AI NH4 NH4 H3O H3O H3O NH4

chem formula C53H41O12S32CoN2 C53H41O12S32AlN2 C53H39FeN2O13S32 C53H37O13S32CrN C53H39O13S32CrN C53H41FeN2O12S32

a/Å 10.340(10) 10.318(7) 10.232(12) 10.240(1) 10.371(2) 10.370(5)
b/Å 19.5016(2) 19.460(4) 20.04(3) 19.965(1) 19.518(3) 19.588(12)
c/Å 35.7684(5) 35.808(8) 34.97(2) 34.905(1) 35.646(2) 35.790(8)
â/deg 90.0 90.0 93.25(11) 93.69(1) 90.0 90.0
V/Å3 7212.6(14) 7190(5) 7157(13) 7121.6(2) 7216(2) 7270(6)
Z 4 4 4 4 4 4
fw 1982.90 1950.96 1979.78 1973.76 1975.99 1974.61
crys syst orthorhombic orthorhombic monoclinic monoclinic orthorhombic orthorhombic
space group Pbcn Pbcn C2/c C2/c Pbcn Pbcn
T/K 150(2) 150(2) 120(2) 120(2) 150(2) 120(2)
λ/Å 0.71073 (Mo KR) 0.71073 0.71073 0.71073 0.71073 0.71073
Fcalcd/g cm-3 1.825 1.798 1.835 1.809 2.137 1.804
µ/mm-1 1.226 1.019 1.207 1.141 1.146 1.187
R(Fo),c [I < 2σ(I)] R ) 0.0742 R ) 0.0437 R ) 0.0416 R ) 0.0394 R ) 0.0655 R ) 0.1557
Rw(Fo

2)d Rw ) 0.2046 Rw ) 0.1058 Rw ) 0.0760 Rw ) 0.0907 Rw ) 0.1033 Rw ) 0.3831

a Reference 9.b Reference 14.c R ) ∑(Fo - Fc)/∑Fo. d Rw ) {∑[w(Fo
2 - Fc2)2]/∑[w(Fo

2)2]}1/2.

Figure 2. ORTEP30 diagram with 50% thermal ellipsoids and the atom-
numbering scheme for compoundI , (BEDT-TTF)4[(NH4)Co(C2O4)3]‚
PhCN.

Figure 3. ORTEP30 diagram with 50% thermal ellipsoids and the atom-
numbering scheme for compoundII , (BEDT-TTF)4[(NH4)Al(C2O4)3]‚
PhCN.

Figure 4. The anionic layer in (BEDT-TTF)4[AM(C2O4)3]‚PhCN for
the monoclinicC2/c (left) and orthorhombicPbcn (right) structures.

Table 2. Distances (Å) from the Terminal O Atoms of
[M(C2O4)3]3- to the Group A in the Title Compounds

compd T/K 04-A O6-A O2-A

I 150(2) 2.947(10) 2.981(9) 3.001(9)
II 150(2) 2.977(9) 2.881(9) 2.918(8)
III 120(2) 2.917(5) 2.816(5) 2.952(5)
IV 120(2) 2.960(4) 2.809(4) 3.038(4)
IV 293(3) 3.011(7) 2.845(8) 3.058(7)
V 150(2) 2.891(11) 2.927(11) 2.901(12)
VI 120(2) 2.899(20) 2.919(20) 2.887(20)
VII 120(2) 2.866(8) 2.834(7) 2.885(7)
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4b, and a scheme of the contacts is shown in Figure 5. The
donor layers are identical, within experimental error, in all the
“pseudo-κ” structures. A full list of bond lengths, angles, and
S‚‚‚S contact distances for the previously unpublished salts with
M ) Co and Al are available as Supporting Information in CIF
format. The arrangement of the BEDT-TTF molecules is di-
rected by the anion layer and is found to be sensitive to changes
in the chirality of [M(C2O4)3]3- and even the solvent molecule.35

Anion Cation Interdependency. It has been suggested that
weak H-bonding and/or steric interaction between the terminal
ethylene groups of BEDT-TTF and the anion layer influences
the packing arrangement of the donor layers and, thus, the
transport properties of the salts. “Docking” of the donor terminal
ethylene groups into cavities between the anions34 is not a
relevant consideration in the present case since there are no
cavities of sufficient size when the hexagonal cavity is occupied
by a solvent molecule. Consequently, the packing mode of the
donor is primarily influenced by short atomic contacts, i.e.,
H-bonding between the BEDT-TTF terminal ethylene groups
and the O atoms of [M(C2O4)3]3-. Indeed to preserve this

interaction, the [M(C2O4)3]3- units are translated parallel to the
b axis (see Figure 1) on passing from one layer to the next to
an extent that matches the tilt in the long axes of the intervening
BEDT-TTF molecules. The fact that H(ethylene)...O(oxalate)
contacts are identical at both ends of the donor molecules
suggests very strongly that it is these contacts which stabilize
the structure.

Because the spatial distribution of the∆ andΛ enantiomers
is different in the two sets of compounds, the relative positions
of the oxalato O atoms likewise differ. Hence the short atomic
contacts with the donor molecules are altered, resulting in the
two very different BEDT-TTF packing modes. Given that the
distribution of the two [M(C2O4)3]3- enantiomers determines
the donor packing motif, it is pertinent to attempt the synthesis
of a BEDT-TTF salt starting from a single enantiomer (see
synthesis section). Since [Fe(C2O4)3]3- racemizes rapidly,
crystals were grown with Cr and Co complexes. When racemic
[M(C2O4)3]3- was used crystal growth started quickly whereas
for the chirally pure materials no crystals grew over the first
12 days in the case of Cr. Presumably as the anion racemized
in solution, crystals of the orthorhombic phase grew over the
next few days. However, in contrast to the orthorhombic phases
grown from racemic (NH4)3[M(C2O4)3]‚xH2O which all contain
NH4

+ (Table 1), the orthorhombic crystals resulting from this
in situ racemization process contain H3O+. Clearly the nucle-
ation and crystal growth of these phases is a very subtle process
in which the packing mode of the two chiral enantiomers of
[M(C2O4)3]3- is a crucial factor.

(35) Turner, S. S.; Day, P.; Malik, K. M. A. Hursthouse, M. B.Inorg.
Chem.1999, 38, 3543.

Table 3. Selected Bond Lengths (Å) and Angles (deg) about M in the Title Compounds

compd T /K M-O3 M-O1 M-O5 O3-M-O3 O5-M-O1

I 150(2) 1.908(5) 1.908(5) 1.913(5) 85.8(3) 86.2(2)
II 150(2) 1.888(6) 1.908(5) 1.906(6) 84.2(4) 83.9(2)
III 120(2) 2.018(3) 2.007(3) 2.011(3) 78.5(2) 80.5(1)
IV 120(2) 1.984(2) 1.985(2) 1.966(2) 81.7(1) 82.7(1)
IV 293(3) 1.983(5) 1.976(4) 1.957(4) 81.2(3) 82.7(2)
V 150(2) 1.973(6) 1.982(6) 1.966(6) 81.5(4) 83.5(3)
VI 120(2) 1.995(10) 2.00(11) 2.012(12) 81.1(6) 80.9(4)
VII 120(2) 2.000(4) 2.021(4) 2.021(4) 80.9(2) 81.0(2)

Figure 5. Network of close S‚‚‚S contacts between BEDT-TTF
molecules in (a) monoclinicC2/c structures withâ′′ packing and (b)
orthorhombicPbcnstructures.

Table 4. S‚‚‚S Intermolecular Distances (Å) in the Title
Compounds: (a)C2/c Phases and (b)PbcnPhasesa

(a)C2/c Stuctures

III IV IV

T/K 120(2) 120(2) 293(3)
S1-S5 3.49(1) 3.49(1) 3.56(1)
S1-S7 3.37(1) 3.35(1) 3.40(1)
S2-S10 3.47(1) 3.47(1) 3.57(1)
S2-S15 3.60(1) 3.61(1) 3.65(1)
S4-S10 3.44(1) 3.42(1) 3.51(1)
S8-S14 3.33(1) 3.34(1) 3.37(1)
S8-S16 3.30(1) 3.31(1) 3.35(1)

(b) PbcnStructures

I II V VI VII

T/K 150(2) 150(2) 150(2) 120(2) 120(2)
S16-S1 3.41(1) 3.38(1) 3.42(1) 3.41(3) 3.40(1)
S12-S13 3.58(1) 3.58(1) 3.58(1) 3.58(3) 3.59(1)
S12-S7 3.49(1) 3.48(1) 3.49(1) 3.49(3) 3.48(1)
S12-S5 3.51(1) 3.50(1) 3.52(1) 3.53(1) 3.52(1)
S15-S1 3.20(1) 3.19(1) 3.20(1) 3.21(3) 3.20(1)
S10-S15 3.45(1) 3.43(1) 3.45(1) 3.45(3) 3.45(1)
S14-S11 3.48(1) 3.46(1) 3.48(1) 3.48(3) 3.48(1)
S10-S5 3.43(1) 3.43(1) 3.41(1) 3.42(3) 3.43(1)
S13-S4 3.43(1) 3.42(1) 3.43(1) 3.46(3) 3.44(1)
S9-S8 3.49(1) 3.49(1) 3.51(1) 3.51(3) 3.51(1)

a See Figure 5 for atom numbering.
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Figure 6 shows a schematic representation of the position of
the BEDT-TTF molecules with respect to the anion hexagonal
layer. In those structures determined at 120 K, the three shortest
O(oxalate)...H(donor) distances are from terminal [C2O4]2-

oxygen atoms. The-CH2CH2- terminal group interacts with
four sites in the anion layer of the monoclinic structure: over
the O adjacent to the phenyl ring of the PhCN, over the CtN
group of PhCN, and above the MIII and in the space between
PhCN and one of the [C2O4]2- units. In the orthorhombic salts
the-CH2CH2- groups also lie close to four sites in the anion
layer: the two BEDT-TTF0 ethylene groups are below the
PhCN, while those of the BEDT-TTF dimer lie close to the O
of the [MIII (C2O4)3]3-. The close O‚‚‚H contacts are similar in
all the orthorhombic structures, the shortest being between 2.3
and 2.7 Å. In Figure 6 (left) it is evident that the donor molecules
which are H-bonded to an anionic layer of single [M(C2O4)3]3-

enantiomers gives rise a well-ordered packing motif of identi-
cally orientated donors. In this case interaction with a pure∆
anionic layer gives a donor layer consisting of stacks propa-
gating from bottom left to top right of Figure 6; interaction
with a layer of theΛ enantiomer would give rise to an identical
donor packing ranging from bottom right to top left. From Figure
6 (right), it can be seen that in the orthorhombic case those
donor dimers which are close to∆ enantiomers of the oxalato
anions have similar orientations to those in Figure 6 (left).
Similarly those dimers in Figure 6 (right) which are close toΛ
oxalato enantiomers have the same orientations to those in the
monoclinic structure which interact with a purelyΛ anionic
layer.

The formal charge associated with each BEDT-TTF donor
molecule is an important aid to understanding the physical
properties of these salts. The presence of more than one
crystallographically independent BEDT-TTF molecule is found
in many charge-transfer salts, carrying with it the possibility of
charge localization. We have used both bond length analysis
and Raman spectroscopy to estimate the charges associated with
the donor molecules.

Bond Length Analysis.Molecular orbital calculations on the
BEDT-TTF molecule in various oxidation states indicate that
it is the central region of the BEDT-TTF molecule which
donates charge upon oxidation, and also undergoes the largest
changes in bond lengths, which vary monotonically and ap-
proximately linearly with charge. The charges on the BEDT-
TTF cations have been estimated from the length of the central
CdC bond36 and, more recently, through a systematic search
of the Cambridge Crystallographic Database to compare the
formal charge from stoichiometry with the bond lengths in the
central TTF portion of the molecule.37 Increased oxidation

lengthens the CdC bonds which are bonding with respect to
the HOMO. There are also smaller changes to the bond lengths
in the outer six-membered rings of the molecule, but structural
disorder and increased thermal vibration impede the observation
of any systematic variation.

Guionneau, Kepert, et al.37 showed that the chargeQ on a
BEDT-TTF molecule can be estimated using an empirical
relationship betweenQ and the BEDT-TTF C-S and CdC bond
lengths. This relationship provides an estimate of the charge
residing on a BEDT-TTF molecule with approximately twice
the precision of the earlier correlations.36 However, it should
be noted that the assumption of a linear relationship relies upon
single structures for salts containing BEDT-TTF0 and BEDT-
TTF2+. Taking into account the standard deviations in bond
lengths we estimate that this method is capable of obtaining
charges to an error of 10%. From Table 5 it is clear that in all
the salts with formulasâ′′-(BEDT-TTF)4[AM(C2O4)3]‚PhCN the
two crystallographically independent BEDT-TTF molecules
have charges close to+0.5 (average+0.48). Thus A is always
monopositive, indicating that the HxO unit is in fact H3O+. This
conclusion is also consistent with the site symmetry of the HxO
site (D3) with three H-bonds to the terminal O atoms of the
neighboring [M(C2O4)3]3-. It also suggests the more commonly
observed 3/4 filling of the four BEDT-TTF HOMO bands rather
than 5/8 filling, which would be required if BEDT-TTF had
+0.75 formal charge. The presence of H3O+ in the “pseudo-κ”
salts is likewise supported since the two BEDT-TTF molecules
have charges of approximately 0 and+1 ((0.1). The BEDT-
TTF+ form the face-to-face dimers which are surrounded by
six neutral BEDT-TTF. Spin-pairing between the radical cations
forming the dimers is confirmed by the magnetic susceptibility
measurements, which contain no contribution from BEDT-TTF.

Raman Spectroscopy.Raman spectroscopy provides an
additional means for determining the charges on BEDT-TTF
molecules by monitoring the two symmetric Raman active
CdC stretching frequencies between 1400 and 1550 cm-1

(designatedV3 andV4
38). Table 6 listsV3 andV4 for each of the

salts and the calculated charge on each BEDT-TTF molecule
according to the relations given by Wang et al.38 Figure 7 shows
examples of Raman spectra for thePbcn(Figure 7a) andC2/c
(Figure 7b) phases. Raman spectra of theâ′′-phase salts all
contain very strongV4 peaks between 1466 and 1475 cm-1, and
a slightly weakerV3 peak between 1492 and 1498 cm-1. The
chargeQ(V3) calculated fromV3 is close to 0.5+ in all cases
(Table 6), while those calculated from theV4 peaks are slightly
lower (0.38+ to 0.48+). The Pbcn series all show intenseV4

peaks in the region 1493-1496 cm-1 characteristic of BEDT-

(36) For example, see: Abboud, K. A.; Clevenger, M. B.; de Oliveira, G.
F.; Talham, D. R.J. Am. Chem. Soc.1993, 1560.

(37) Guionneau, P.; Kepert, C. J.; Chasseau, D.; Truter, M. R.; Day, P.
Synth. Met.1997, 86, 1973.

(38) Wang, H. H.; Ferraro, J. R.; Williams, J. M.; Geiser, U.; Schleuter, J.
A. J. Chem. Soc., Chem. Commun.1994, 1893.

Figure 6. Schematic relationship between the BEDT-TTF donors
viewed along their long axes (thick lines) and the anionic “honeycomb”
layer (dashed lines) for monoclinicC2/c (left) and orthorhombicPbcn
(right) structures.

Table 5. The Charge,Q, Calculated from CdC and C-S Bond
Distance for the Two Crystallographically Independent BEDT-TTF
Molecules (a and b); the Semiconducting Activation Energies of the
PbcnPhases

compd T/K Q(BEDT-TTFa) Q(BEDT-TTFb) Eact/eV

I 150(2) +0.2 +1.0 0.225
II 150(2) +0.1 +0.8 0.222
III 120(2) +0.4 +0.5 n/a
IV 120(2) +0.6 +0.7 n/a
IV 293(3) +0.3 +0.4 n/a
V 150(2) +0.0 +0.8 0.153
VI 120(2) -0.1 +0.8 0.140
VII 120(2) +0.1 +0.8 0.141
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TTF0 and at 1403-1423 cm-1 indicating BEDT-TTF+. In
addition slightly weakerV3 peaks occur between 1549 and 1553
cm-1 (BEDT-TTF0) and from 1454 to 1470 cm-1 (BEDT-
TTF+). The relations of Wang et al.38 give charges very close
to zero ((0.025) for those molecules thought to be BEDT-TTF0,
while for peaks assigned to BEDT-TTF+, the value ofQ(V4) is
slightly larger than that ofQ(V3), but in all cases gives charges
close to +1. In conclusion the Raman spectra confirm the
charges estimated from the bond lengths, indicating that all salts
contain a (BEDT-TTF)42+ moiety with molecule A being
monovalent.

Infrared Reflection Spectroscopy.In the infrared reflection
spectra of all the monoclinic and orthorhombic phases, peaks
are observed in the regions 1264-1286 and 1307-1354 cm-1

(O-C-O stretching vibration), 1364-1417 cm-1 (O-C-O
symmetric stretch), and 1636-1664 cm-1 (O-C-O asymmetric
stretch). Characteristic features of the spectra of theâ′′-phases
are peaks at 872-884 cm-1 while pseudo-κ phases have peaks
at ca.772, 924-971, 1010-1026, 1036-1076, 1082-1124,
1147-1776, and 1204-1240 cm-1. Very sharp bands are
observed in all pseudo-κ salts between 802 and 840, 1307 and
1354, 1364 and 1417, and 1636 and 1664 cm-1.

In addition to sharp peaks due to localized molecular
vibrations, the infrared reflectivities of the metallicâ′′-phases
contain broad reflectivity edges at the plasma frequency. The
reflectivity is only weakly dependent on whether the polarization
is parallel and perpendicular to the axis of the needlelike crystals,
both being measured in the same plane as the 2D BEDT-TTF
conducting network. As expected, the reflected intensity in-
creases slightly with decreasing temperature. The onset of high
reflectivity defines the plasma frequency as 5000( 200 cm-1.
Finally, for the materials prepared with M) Ti or Gd, the
infrared spectra did not show any peaks which could be assigned
to the oxalate ligands and so no further physical properties were
investigated.

Conductivity Measurements.The monoclinic phases show
metal to superconducting transitions,9,14but all the orthorhombic
phases, including the new compounds, are semiconducting with
resistivity increasing exponentially with decreasing temperature.
The activation energies for the semiconductors are listed in Table
5. As shown above, the BEDT-TTF molecules in the ortho-
rhombic series form dimers of BEDT-TTF+ surrounded by
BEDT-TTF0. The neutral molecules have filled HOMOs, while
the monopositive donors have half-filled HOMOs. The dimer-
ization of the BEDT-TTF+ molecules leads to the formation of
a full band and an empty band separated by an energy gap.

Magnetic Properties. All the compounds that contain
paramagnetic 3d ions have moments close to that expected for
spin only contributions. In addition, the superconducting salts
show both flux exclusion and the Meissner-Oschenfeld flux
expulsion effect when cooled in fields below 50 G. Table 7
lists the Curie and Weiss constants extracted from plots of
inverse molar susceptibility versus temperature. All the Weiss
constants are close to zero, indicating that there is very little
interaction between paramagnetic centers. The plot ofâ′′-
(BEDT-TTF)4[(H3O)Cr(C2O4)3]‚PhCN shows a distinct change
in slope at∼150 K, accompanied by a sharp drop in infrared
reflectivity when the electric vector is perpendicular to the
needle axis. Above 150 K the Curie constant is higher than
anticipated for Cr3+ (S) 3/2), and the Weiss constant of-61.5
K suggests antiferromagnetic interaction between metal centers.
However, the crystal structure of the (H3O)Cr salt has been
solved at both 120 and 293 K with no evidence for a structural
phase transition.

Figure 7. Raman spectra of (a) compoundI with an orthorhombic
Pbcnstructure and (b) compoundIV with a monoclinicC2/c structure.

Table 6. Raman Active Vibrational Frequencies (V3 andV4) for the
CdC Bonds in BEDT-TTF and Calculated Charges

compd ν3 ν4 Qν3 Qν4

I 1551.7 1494.2 -0.15 0.15
1454.0 1402.8 0.99 1.19

II 1550.8 1493.2 -0.14 0.17
1453.0 1403.7 1.00 1.18

(1510.6)
III 1495 (sh) 1475.0 0.51 0.37
IV 1491.7 1470.0 0.55 0.43
V 1552.6 1494.2 -0.16 0.15

1454.0 1402.8 0.99 1.19
VI 1552.1 1494.6 -0.15 0.15

1454.2 1420.0 0.99 1.00
(1510.8)

BEDT-TTF0 1552.6 1495.1 -0.16 0.15
(1511.5)

Table 7. Curie (C) and Weiss (θ) Magnetic Constants for the Title
Compounds

C (emu K mol-1)

compd obsd
calcd

spin-only θ/K

I n/a 0.00 n/a
II 2.84 3.001 +0.86
III 4.38 4.377 -1.29
IV 1.876

2-150 K 1.96 -0.21
150-270 K 2.91 -61.5

V 1.73 1.876 +0.88
VI 4.37 4.377 +0.11
VII 4.44 4.377 -0.25
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Conclusions

We have compared the structural and physical characteristics
of a number of charge-transfer salts with the general formula
(BEDT-TTF)4[A IMIII (C2O4)3]‚PhCN where AI ) NH4

+, K+, or
H3O+ and MIII ) Cr, Fe, Co, or Al, the compounds with M)
Co and Al being new members of this series. Analysis of the
CdC and C-S bond lengths and Raman spectra of the BEDT-
TTF molecules shows that, in all the examples containing water,
it is in the form of H3O+ and not H2O. The compounds fall
into two categories. Monoclinic phases with AI ) H3O and MIII

) Cr and Fe haveâ′′ packing of the BEDT-TTF and are room
temperature metals, becoming superconducting at 5.5 K (Cr)
and 8.3 K (Fe). Since the magnetic moment of the 3d ion in
the Fe (S) 5/2) compound is larger than in the Cr (S) 3/2), it
is clear that the presence of a higher paramagnetic moment in
the lattice does not inhibit the superconductivity. A second series
of phases found for AI ) NH4, K, H3O and MIII ) Cr, Fe, Co,
Al are orthorhombic. The BEDT-TTF bond lengths and Raman
spectra confirm the presence of two types of donor molecule:
face to face dimers with a charge of+1 per molecule surrounded
by molecules with charges close to zero. All the members of
the orthorhombic series are semiconducting with low activation
energies between 0.14 and 0.22 eV.

Both the monoclinic and orthorhombic phases consist of
alternating layers of BEDT-TTF and the tris(oxalato)metalate-
(III) anions. The anion layers always consist of approximately
hexagonal arrays of A and M, bridged by the [C2O4]2- with
PhCN occupying the hexagonal cavities. Both structures are
achiral and contain equal proportions of the enantiomers of
[M(C2O4)3]3-. However, in the monoclinic phase each layer
contains one enantiomer with nearest neighbor layers having
opposite chirality whereas each layer of the orthorhombic phase
contains enantiomers arranged in alternate rows. As a conse-

quence, while the cavity occupied by AI consists of an approxi-
mately octahedral array of O atoms, that of the orthorhombic
phase has a more irregular shape, leaving space for the N atom
of the PhCN to coordinate to AI, bringing the coordination
number to 7. Furthermore the array of O atoms which forms
the interface with the BEDT-TTF layers differs greatly and, via
H-bonding, promotes the different donor packing modes. In one
case (A) H3O; M ) Cr) both orthorhombic and monoclinic
phases have been found. Our belief is that this constitutes the
first example in any compound where polymorphism arises from
different spatial distributions of chiral enantiomers in a racemic
crystal.

Clearly it will be of great interest to prepare BEDT-TTF salts
analogous to the bimetallic tris(oxalato)metalate (II, III) mo-
lecular based magnets12,13because there would be a good chance
of combining metallic behavior or superconductivity with long-
range magnetic order in a molecular lattice. Efforts are continu-
ing along these themes.
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